The relationship between recent seismicity and the active fault system was investigated using the precise hypocentral distribution by taking into consideration the heterogeneity of the velocity structure around the northern part of the Itoigawa-Shizuoka Tectonic Line (ISTL), the western boundary of the northern Fossa Magna basin. Since a velocity structure suitable for the ISTL is necessary for precise hypocentral determination, deep seismic reflection and refraction profiling were undertaken in 2002 across the northern part of the ISTL and a reliable velocity model was obtained. The hypocenters were located using the station corrections derived from the velocity model. The obtained hypocenters were found to be distributed in a straight line in an almost north-tosouth direction. The hypocenters, whose lower limit was approximately 15 km, were distributed around a vertical plane. The focal mechanism solutions were primarily strike-slip and the direction of their P-axis was NW-SE to WNW-ESE. The fault planes expected from these mechanisms are consistent with the distribution of the hypocenters. However, they are not consistent with the thrust fault planes of previous large earthquakes, which were inferred from the near-surface feature of the active fault system. This suggests that the recent seismicity cannot be attributed to aftershocks of the previous large earthquakes and is not induced by the movement of the active thrust fault.
Introduction
The northern part of the Itoigawa-Shizuoka Tectonic Line (ISTL) is the western boundary of the northern Fossa Magna basin and a geological boundary between the old pre-Tertiary basement and the relatively new Neogene sedimentary basin. The ISTL is an active fault system and is recognized as having one of the largest slip rates in the Japanese islands. The slip rate of the Gofukuji Fault, located in the central ISTL, is estimated to be approximately 8.0 mm/yr based on geomorphological and geological studies (Okumura et al., 1994) . Across the northern part of the ISTL, GPS measurements indicate horizontal crustal shortening (Sagiya et al., 2002) . The present paper investigates the relationship between recent seismicity and the ISTL, which has a large lateral heterogeneity and a large slip rate. The precise hypocentral distribution obtained in consideration of the heterogeneity of the velocity structure may show the current situation of the active fault system and may predict the conditions for the next large earthquake.
Seismic observation
The High Sensitivity Seismograph Network (Hi-net) has been deployed by the National Research Institute for Earth Science and Disaster Prevention, and the waveform data are continuously recorded by the Japan Meteorological Agency (JMA). Although the detection capability and determination accuracy of an earthquake have been improved by the new system, hypocenter determination around the ISTL Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
remains difficult because the ISTL is a major geological boundary and there is a great difference between the velocity structures of the eastern and western sides . Consequently, errors in hypocentral determinations are large and the distribution of the hypocenters is extended in the vertical direction. A suitable velocity structure is essential to precisely determine the hypocenter in the large lateral heterogeneity. Deep seismic reflection and refraction profiling were undertaken in 2002 across the northern part of the ISTL (Imai et al., 2004; Takeda et al., 2004) . In these studies, a suitable velocity structure was obtained and was used for the present hypocentral determination.
Hypocenter Distribution
Hypocenters were determined by the maximumlikelihood estimation technique described by Hirata and Matsu'ura (1987) . Since the study area has large lateral heterogeneity, three different velocity models were used in the different regions (Fig. 2) . The models were derived from previous refraction experiments (Imai et al., 2004; Takeda et al., 2004) . Model number 1 has a thick low velocity layer and was adopted for the regions around the ISTL (1, 2, 6 and 8 in Fig. 1 ); model number 2 was adapted to the region south-east of the ISTL (9 in Fig. 1 ), which is covered with volcanic products; and model number 3 was adapted for the remaining regions (3, 4, 5 and 7 in Fig. 1 ).
Hypocenters were located initially using the above three velocity models and arrival times without station corrections. Differences between the observed and estimated travel times were calculated for each station (O-C times) and these were averaged only over the earthquakes that occurred within each of the nine regions shown in Fig. 1 . Nine Fig. 2. P-wave and S-wave velocity structure models for hypocenter determination. These models were derived from previous refraction experiments (Imai et al., 2004; Takeda et al., 2004) . Model numbers 1 (thick line), 2 (broken line) and 3 (thin line) were adapted for the regions around the ISTL (1, 2, 6 and 8 in Fig. 1 ), for the south-east region (9) and for the other regions (3, 4, 5 and 7), respectively.
averaged O-C-times were obtained for each station. Next, the hypocenters were located using the averaged O-C times as station-correction values. A new set of averaged O-C times for each station was calculated from the results of the second location procedure. Finally, the new averaged O-C times were added to the previous correction values, and the hypocenters were located again. This relocation process was repeated five times, at which point the final correction values for each station decreased by less than 0.01 s; the obtained final O-C values for each station of the nine regions are listed in Table 1 . At the end of this analysis, the averaged O-C times of hypocenter determination decreased from 0.131 s to 0.054 s for P-wave arrival, and from 0.193 s to 0.100 s for S-wave arrival (Table 1) . The shape of the curve of frequency became sharp and the deviation is smaller (Fig. 3) . Some 1829 hypocenters were selected with the criteria of small spatial errors of less than 1 km in the horizontal direction and less than 2 km in depth. The period of observation was from 1 January, 2001 to 31 December, 2003.
Discussion
The hypocenters around the northern part of the ISTL were distributed in a straight line in an almost north-tosouth direction (Fig. 4) . The hypocenters were distributed around a vertical plane and their lower limit was approximately 15 km. Although a similar distribution was obtained from the analysis using a uniform one-dimensional velocity structure, the distribution shown in Fig. 4 is clearer than that by the uniform velocity structure. The active fault system around the northern part of the ISTL has a strike in a north-to-south direction. Earthquakes have occurred only in the layer whose velocity is about 6.0 km/s (Fig. 5) . Many earthquakes have occurred in the upper crust of the eastern Table 1 . The final station corrections of each station of the nine regions shown in Fig. 1 . The upper and lower values for each station are the station corrections of the P-and S-waves, respectively. The numerals attached to the station corrections are the number of earthquakes used for the calculation of the station correction.
side of the ISTL. The hypocenter distribution is not consistent with the fault plane of past thrust earthquakes, which is inferred from the near-surface feature of the active fault system. The active fault system is estimated by some geological studies and seismic experiments Imai et al., 2004) to consist of east-dipping low-angle thrust faults with an azimuth of almost north-to-south in direction. The distribution of hypocenters around the northern part of the ISTL is a straight north-to-south and is located slightly eastward of the active fault system. Both distributions show essentially the same direction, suggesting the possibility that movement of the active fault induced the recent earthquake activity. However, the distribution of hypocenters is not east-dipping, but vertical. The focal mechanism solutions are mainly strike-slip and the direction of the P-axis is NW-SE or WNW-ESE (Fig. 1) . The fault planes expected from these mechanisms are consistent with the obtained distribution of hypocenters, and there is a clear distinction between the distribution of recent hypocenters and the geometry of the active fault system. This distinction may originate in the difference in timescale. The present microearthquakes have been observed for only three years at most. The active fault system expresses the cumulative deformations of some million years. The recent earthquakes in this area reflect only the recent stress field and/or the easy-rupture zone. The fact that the distribution of the hypocenters forms a straight line Fig. 5 . The bottom area shows the E-W cross-section and the right shows the N-S cross-section. Hypocenters with an error of less than 1 km for the horizontal direction and less than 2 km in depth are plotted. In the horizontal section, the arrowed line indicates the distribution of hypocenters in a straight line in an approximately north-to-south direction. This distribution also exists in areas other than the ISTL. Fig. 5 . Profile of the hypocenter distributions obtained taking into consideration the heterogeneity of the velocity structure. The top profile is the experiment line in the east-to-west direction and the bottom profile is the experiment line in the direction of WNW-ESE (Imai et al., 2004) . The range of the profiles is shown by the two squares in Fig. 4 . The simplified models of the velocity structures are indicated by the broken line and the value of the P-wave velocity. The solid triangle indicates the position of the ISTL. Earthquakes have occurred only in the layer whose P-wave velocity is about 6.0 km/s. Some earthquakes have occurred on the eastern side of the ISTL, and the distributions do not form a thrust fault plane of the previous large thrust earthquakes, which is expected from the near-surface feature of the active fault system.
suggests that recent stress is concentrated on this line and/or that the weak zone is locating along this line. It appears that the hypocenters do not express a fault plane which will be ruptured by a large earthquake in the near future or a fault plane which ruptured in the past. Given that tectonic stress accumulation and crustal shortening always exist, the cumulative stress must necessarily be released from time to time. Usually, relatively small earthquakes with a strike-slip type occur in the upper crust in order to release the stress. However, it may be insufficient to release the stress only by these earthquakes. The remaining stress may thus be released by a large thrust earthquake, possibly when the rate of tectonic stress accumulation episodically increased and/or the stress exceeded the fault strength. This may be an explanation of the distinction between the distribution of recent earthquakes and the thrust faults identified around the northern part of the ISTL.
Conclusion
The relationship between recent seismicity and the ISTL, which has a large lateral heterogeneity, was investigated using the precise hypocentral distribution obtained taking into consideration the heterogeneity of the velocity structure. The precise hypocenters were determined by the velocity structure derived from the deep seismic reflection and refraction profiling which was carried out in 2002. The obtained hypocenters were found to be distributed in a straight north-to-south line. They were distributed around a vertical plane and had a lower limit of approximately 15 km. The focal mechanisms were primarily strike-slip with a P-axis in the NW-SE or WNW-ESE direction. The fault planes expected from these mechanisms are consistent with the distribution of hypocenters, however, they are not consistent with the plane of the thrust fault of previous large earthquakes, which was inferred from the near-surface feature of the active fault system. This suggests that the recent seismicity is not related to aftershocks of previous large earthquakes or the displacement of the active thrust fault.
